Abstract Salinity and tidal inundation induce physiological stress in vascular plant species and influence their distribution and productivity in estuarine wetlands. Climate change-induced sea level rise may magnify these abiotic stressors and the physiological stresses they can cause. Understanding the potential of invasive plants to respond to predicted salinity increases will elucidate their potential niche breadth. To examine potential phenotypic plasticity and functional trait responses to salinity stress in the invasive cordgrass Spartina densiflora, we collected rhizomes from four invasive populations occurring from California to Vancouver Island, British Columbia on the Pacific Coast of North America. In a glasshouse common garden experiment, we measured plant traits associated with growth and allocation, photosynthesis, leaf pigments, and leaf chemistry and calculated plasticity indices across imposed salinity treatments. Fifteen of 21 leaf chemistry, pigment, morphological and physiological traits expressed plastic responses to salinity. When averaged across all measured traits, degree of plasticity did not vary among sampled populations. However, differences in plasticity among populations in response to salinity were observed for 9 of 21 measured plant traits. Leaf chemistry and adaxial leaf rolling trait responses demonstrated the highest degree of plasticity, while growth and allocation measures were less plastic. Phenotypic plasticity of leaf functional traits to salinity indicates the potential of S. densiflora to maintain invasive growth in response to rising estuarine salinity with climate change.
Introduction
Global change and biological invasions are likely synergistic processes that interact and impart negative ecological and economic impacts (Vilà et al. 2007 ).
Invasive plant species have successfully colonized and spread in dynamic environments quite different from their native range and may therefore have traits that confer invasion success in changing environments (Dukes and Mooney 1999) . Estuarine wetlands are highly variable environments that induce physiological stress near tolerance limits of many vascular plant species (Adam 1993) . Spatially and temporally dynamic salinity and tidal inundation regimes interact to control soil water potential and induce biochemical and physiological responses in plant species, greatly influencing their growth, biological interactions, distribution and productivity (Howard and Mendelssohn 1999) . Estuarine plants also face rising sea level, increases in ranges of aqueous salinity regimes, and variations in other influential abiotic processes affected by global climate change that can dramatically alter plant community and ecosystem processes (Parker et al. 2011) . Interspecific variation in salinity acclimation among dominant species in these communities is an important driver of both landscape-scale vegetation zonation and small-scale vegetation pattern in salt marshes (Bertness 1991; Shumway and Bertness 1994) and therefore has the potential to influence species invasiveness in these habitats.
As environments change, some introduced species can rapidly evolve by adapting via genetic differentiation in response to local selection pressures (Leger and Rice 2003; Maron et al. 2004) , genetic drift or mutation (Dlugosch and Parker 2008) or epigenetic processes (Richards 2012) . Genetic variation and/or novel genotypes resulting from intra-or interspecific hybridization also may facilitate rapid evolution of invasive plants (Strong and Ayres 2013) . By increasing niche breadth in spatially heterogeneous environments, phenotypic plasticity may be a contributing adaptive mechanism, conveying fitness benefits to individual plants and promoting invasiveness (Richards et al. 2006; Caño et al. 2008; Drenovsky et al. 2012) . Given the cascading influences of dominant invaders on critical ecological processes, improved knowledge of their functional traits may help us understand their capacity to adjust to environmental changes and thereby support their persistence and spread (Hester et al. 2001) .
Globally, several species of Spartina (cordgrasses) are highly successful invaders in estuarine wetlands where they significantly change the physical structure, reduce the biological diversity and affect the ecological function of tidal marshes and mudflats (Thompson 1991; Ayres et al. 2004; Ainouche et al. 2009; Strong and Ayres 2013) . The austral cordgrass, Spartina densiflora Brongn. (Poaceae) is native to the southern Atlantic coast of South America (Fortune et al. 2008) . It was first introduced to Chile, followed by accidental introductions to Gulf of Cádiz, southeast Spain in the sixteenth century (Castillo et al. 2010) and to Humboldt Bay, California in the mid-nineteenth century (Spicher and Josselyn 1985) coincident with intercontinental shipping of lumber and other products Bortolus 2006; Fortune et al. 2008) . In 1977, S. densiflora was intentionally introduced to San Francisco Bay to stabilized tidal creek banks in a wetland restoration project (Faber 2000) . In recent decades populations have spread in both Spain and California, and multiple introductions are unknown but possible. It is a heptaploid species thought to be a product of reticulate evolution by an ancient interspecific hybridization in its native South American range (Fortune et al. 2008; Ainouche et al. 2012) . Molecular markers suggest genetic diversity among populations in the native range (Fortune et al. 2008) . Genetic analyses of samples from San Francisco Bay, Humboldt Bay and Mad River California were genetically similar to each other and to a population in Chile (Fortune et al. 2008) .
High sexual reproduction and vegetative growth via tillering play a role in establishment and spread of S. densiflora populations (Kittelson and Boyd 1997) , producing dense, large tussocks through ''phalanx'' (centrifugal and multidirectional) clonal growth . High belowground biomass production occurs via roots and rhizomes (Perazzolo and Pinheiro 1991; Nieva et al. 2001) . Populations have colonized a range of substrate types including mud flats to sandy or cobble beaches within estuaries (Bortolus 2006 ), yet growth of the species in the native range is greatly dependent on tidal regimes and resultant substrate conditions in intertidal habitat (Di Bella et al. 2014) . In Spain, invasive populations of S. densiflora tolerate high salinity, but expansion and colonization rates are highest in brackish wetlands influenced by freshwater outflow . The recent northward expansion of S. densiflora across a 12°latitudinal gradient along the Pacific coast of the United States (USA) and Canada provides an opportunity to investigate how invasive vascular plants establish in novel environments and succeed across steep estuarine salinity gradients. These dynamic estuaries experience high seasonal and annual variability in precipitation and freshwater river inflow.
Using a glasshouse common garden experiment, we evaluated the short-term performance of four invasive S. densiflora populations differing in latitude and salinity conditions to examine potential variation in salinity stress. Specifically, we evaluated functional traits and their plasticity in response to salinity (0.5, 15 and 35 ppt). Our overall objective was to assess whether trait responses to salinity gradients were dependent on population differentiation or phenotypic plasticity or a combination of both factors. We hypothesized that (1) S. densiflora would show a high phenotypic plasticity in response to contrasted salinities, based on previous field observations (Castillo et al. 2014) ; and (2) interpopulation differences in response to salinity may exist.
Methods

Source populations, collection and propagation techniques
We collected S. densiflora plants in summer 2010 from four estuaries distributed latitudinally along the Pacific west coast of North America, including: (1 (Callaway et al. 2012) . Estuarine salinity varies seasonally and annually, ranging from oligohaline (0.5-5.0 ppt) to euhaline ([30 ppt) conditions. Soils were sampled from population sites during low tides. Ten sediment cores (5 cm diameter, 0-10 cm depth) were randomly collected from habitat of each study population, stored in sealed containers and transported to the laboratory. A subsample of the sediment was mixed in a 1:1 ratio with distilled water to determine electrical conductivity (Hanna Instruments Model 9033, Woonsocket, Rhode Island, USA). Sediment salinity measured as electrical conductivity of soil solutions at the collection sites during summer growing season were brackish, ranging from oligohaline (0.2 mS cm -1 ; MR) to polyhaline levels (8.8 ± 0.9 mS cm -1 (VI), 11.9 ± 0.2 mS cm -1 (HB), and 13.8 ± 0.7 mS cm -1 (SF). Ten adult tussocks of S. densiflora with between 10 and 80 live shoots (ca. 2-3 years old) from each study population were randomly selected. Low genetic variation of S. densiflora should ensure that collected individuals were representative of the population. Rhizomes were separated from the plants and transported on ice to Davis, California. Clean rhizomes from each plant were separated and weighed, and 1-3 rhizome fragments per plant were used to standardize initial mass of rhizomes transplanted into pots with drainage holes (15 cm diameter 9 17.5 cm height, Nursery Supplies, Inc.) filled with expanded perlite substrate (Therm-O-Rock West, Inc.). Potted rhizomes were placed in 180-l aquatic mesocosms filled with fresh water to 10 cm below perlite surface for sub-irrigation, and grown for 5 months in a glasshouse at Davis, California to establish tussocks for experimental use.
Experimental design
Following tussock propagation, experimental plants were exposed to experimental salinity treatments created using 20 % modified Hoagland's solution and Hoagland's solution plus sea salts (Instant Ocean Ò , Aquarium Systems Inc., Mentor, Ohio USA) to achieve desired concentrations; solutions were refreshed weekly. Experimental plants were subjected to freshwater (0.5 ppt) and brackish (15 ppt) treatments in mesocosms for 2 weeks. One brackish mesocosm was then increased to marine salinity (35 ppt) level for an additional 2 weeks of conditioning. After salinity conditioning, plants were randomized into the experimental design using fifteen 84-l plastic mesocosms (0.53-m long 9 0.53-m wide 9 0.30-m deep). Treatments were randomly assigned within a nested, full factorial design (4 populations 9 3 salinity levels 9 5 replicates). Five potted tussocks (replicates) from each of the four population sites were randomly assigned to one of three aqueous salinity treatments representing the potential range of exposure in invaded estuaries for a total of 60 experimental plants. Replicates from each of four sites were randomly nested within each of the 15 mesocosms.
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Water level in each mesocosm was maintained at 10 cm below substrate surface throughout the experiment. The experimental treatments were imposed for 30 days (March 8-April 6, 2011) in a glasshouse with controlled temperature between 21 and 25°C and a 15 h daily photoperiod was imposed with high intensity discharge (HID) lights (GE Lucalox LU1000/ ECO HPS 1000 W).
Plant growth and foliar responses
The following plant traits were measured: shoot and root biomass, root mass ratio, leaf morphology, leaf area, leaf elongation rate, leaf gas exchange, leaf water potential, fluorescence traits, photosynthetic pigment concentrations, free proline accumulation, glycinebetaine concentration, leaf N concentration, leaf Na concentration, and salt exudation rates. Shoot biomass (SM; g) and root biomass (included all subsurface biomass, RM; g) were measured for each tussock after samples were ovendried at 70°C for 48 h, and root mass ratio (RMR) was calculated as root plus rhizome biomass divided by total biomass. Each tussock was photographed and total leaf area (LA; m 2 ) was calculated using WinFOLIA (Regent Instruments Inc., Saint-Foy, Quebec, Canada). For calculations of specific leaf area (SLA; m 2 g -1
), leaf mass (LM) was determined from 0.5 cm diameter drilled samples from five random flag leaf samples per plant. Specific leaf area was then calculated as LA/LM of the leaf disks. Apical leaf elongation (growth) rate and adaxial leaf rolling were measured and calculated per Castillo et al. (2014) .
Measurements of net photosynthetic rate (A sat ), stomatal conductance (g s ), and light-and dark-adapted fluorescence over the same leaf area were carried out on days 21-26. For each replicate tussock, measurements were made on the second-youngest, fully expanded leaf from each of five randomly selected tillers using a LI-COR 6400 portable infrared CO 2 analyzer (LI-COR Biosciences, Lincoln, NE, USA) in differential mode and in an open circuit coupled to a pulse-amplitude modulated (PAM) fluorimeter. Photosynthetic photon flux density inside the chamber was maintained at 1000 lmol m -2 s -1 , with the LI-6400 LCF actinic light source (90 % red, 10 % blue), 400 lmol mol -1 CO 2 concentration, and flow rate set to 400 lmol s -1 . Light-adapted measures were conducted on sunny days within 2 h of solar noon. Before measurement, leaves were rinsed with deionized water to remove salts that had accumulated on the leaf surfaces and allowed to dry. Each individual gas exchange measurement consisted of three values logged at 10 s intervals once stable conditions were achieved inside the chamber. Then, measured leaf sections were marked and dark-adapted fluorescence measures were taken on the same leaf sections at night (pre-dawn, 0330-0515 h), avoiding illumination of the leaves while taking measurements. The marked leaf sections were harvested to determine leaf area. Simultaneous measurement of photosynthesis and stomatal conductance allowed us to calculate intrinsic water use efficiency (carbon fixed/water lost) of experimental plants (WUE; mmol CO 2 mol H 2 O -1 ). For each replicate tussock, leaf water potential (W leaf ) was measured on five randomly selected tillers with a Scholander pressure bomb within 2 h of solar noon on days 23-27 on fully expanded adult leaves exposed to direct sunlight.
Approximately 2 g of fresh tissue were collected from young fully mature leaves and frozen for analysis of proline and photosynthetic pigments. Leaf, stem, and root tissues were collected separately and dried at 70°C and weighed. Dry leaf tissue was ground to pass through a No. 40 mesh screen for nitrogen (N), sodium (Na), and glycinebetaine analysis. Leaf N concentration was determined using a CHNS/O analyzer (Perkin Elmer 2400, Waltham, MA, USA). Leaf Na was measured with a sodium electrode on dry-ashed samples that were dissolved in 1 M HCl. Proline concentration in leaf samples was determined (following the protocol in Bates et al. 1973) , and glycinebetaine was estimated as quaternary ammonium compounds (following the protocol in Grieve and Grattan 1983) . Photosynthetic pigments were extracted in 80 % aqueous acetone, with chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids (C x?c ) concentrations determined with a spectrophotometer (Beckman DU-64, Beckman Coulter, Inc., Brea, CA, USA). Leaf sodium exudation rates were measured on the youngest, fully developed leaves (following the protocol in Christman et al. 2009 ).
Plasticity assessment
Phenotypic plasticity indices were calculated for each population and plant trait to evaluate differences in phenotypic trait expression (Valladares et al. 2006;  Molina-Montenegro and Naya 2012). The phenotypic plasticity index for each trait and locality was quantified as the percentage of change in absolute high and low mean trait values, irrespective of salinity treatment; that is, P = [(X max -X min )/X max ] 9 100, where P is plasticity, X max is the highest mean value for a given trait and X min is the lowest mean value for a given trait. Traits with negative values (e.g. plant water potential) were evaluated using the absolute value of the negative trait differences, divided by the absolute value of the most negative value. Means represent five replicated measurements per trait for plants from each of four populations in the experiment. To estimate the overall plasticity index for each population, we calculated the arithmetic average of the plasticity index observed for all 21 traits combined for plants from each of the four population sites (MolinaMontenegro and Naya 2012).
Statistical analyses
Response variables were classified into five functional trait groups for use as dependent variables in the analyses: (1) growth and allocation, (2) leaf morphological traits, (3) photosynthetic traits, (4) Leaf N and pigment concentrations, and (5) leaf Na and osmotic solute concentrations. Dependent variables were tested for homogeneity of variances, and transformations were performed on SLA, Na exudation rate, leaf Na, leaf proline, and W leaf to meet assumptions for parametric analyses. To protect analyses from type I error, we used the protected analysis of variance (ANOVA) protocol (Scheiner 2001) , comparing means across population and salinity treatments first with MANOVA and using Pillai's Trace to evaluate significance. When significance was confirmed, we evaluated relevant univariate comparisons (GLM models). All multivariate and univariate GLMs tested the same factors: population (VI, HB, MR, and SF), salinity treatment (0.5, 15, and 35 ppt), population by salinity interaction, and mesocosm nested in salinity treatment, in which mesocosm was considered a random factor. Post-hoc Tukey tests with Bonferronicorrected a-levels were performed for each trait when salinity treatment or population site were significant in the univariate ANOVA model. Analyses were performed using SAS V. 9.2 for Windows (SAS Institute Inc., Cary, NC USA).
Results
Trait responses
All trait response groups were affected by the salinity treatments (MANOVA results, Online Resource 1). Salinity had a significant effect on plant growth and biomass allocation (F 6,70 = 3.88, p = 0.0021; Fig. 1a-c) , leaf morphological traits (F 8,68 = 7.66, p = 0.0001; Fig. 1d-g ), instantaneous photosynthetic traits (F 12,64 = 8.93, p = 0.0001; Fig. 2) , leaf nitrogen and pigments (F 8,68 = 6.69, p = 0.0001; Fig. 3) , and leaf chemistry (F 8,68 = 37.53, p = 0.0001; Fig. 4) . Results of subsequent univariate GLM analyses for each of the measured trait responses indicate population was a significant factor in all growth and biomass allocation traits, including shoot mass (SM; F 3,36 = 20.71, p = 0.0001; Fig. 1a ), root mass (RM; F 3,36 = 18.94, p = 0.0001; Fig. 1b) , and root mass ratio (RMR; F 3,36 = 3.63, p = 0.0218; Fig. 1c ). Shoot mass and root mass were highest in plants collected from VI as compared to all other populations; shoot mass of VI plants was 3.25 times higher and root mass, 2.6 times higher than the growth measured in plants from MR. Plants in the more saline treatments had higher root mass ratio, although root mass ratio in plants from HB decreased in the highest salinity treatment (F 2,36 = 3.35, p = 0.0001). While leaf traits as a composite response group responded significantly to salinity treatments, leaf area was only moderately influenced by soil salinity (F 3,36 = 2.61, p = 0.0876; Online Resource 1). On the other hand, population strongly influenced total leaf area production (LA; F 3,36 = 16.99, p = 0.0001; Fig. 1d ), where leaf area was 2.3 times higher in plants from the VI population. Specific leaf area was affected by both salinity treatment (SLA; F 2,36 = 4.77, p = 0.0145) and population (F 3,36 = 6.91, p = 0.0009). Plants collected at MR had slightly higher SLA on average, but all plants in the highest salinity treatments (30 ppt) had up to 25 % lower SLA than plants exposed to 0.5 or 15 ppt salinity treatments (Fig. 1e) . Leaf elongation rate did not show a response to salinity treatment, nor population site (Online Resource 1), but population (F 3,36 = 4.07, p = 0.0138; Fig. 1f ) and salinity (F 2,36 = 103.08, p = 0.0001; Fig. 1f ) were important in determining the degree of adaxial leaf rolling.
Salt stimulation of photosynthesis was observed, with photosynthetic responses among treatments fairly symmetrical and highest gas exchange measured in plants subjected to brackish (15 ppt) salinity (Fig. 2) . Both the rate of CO 2 assimilation per unit leaf area (A sat ) and stomatal conductance (g s ) suggest the process of photosynthesis was influenced by population site (A sat : F 3,36 = 3.50, p = 0.0250; g s : F 3,36 = 2.93, p = 0.0467; Fig. 2a, b) , and g s was additionally influenced by salinity treatment (F 2,36 = 5.61, p = 0.0076). A sat and g s were highest in plants collected in VI (Fig. 2a, b) , and g s was highest in the 15 ppt salinity treatment (Fig. 2b) . Leaf water potential responded strongly to salinity treatment (F 2,36 = 52.06, p = 0.0001) and was increasingly negative with increased salinity treatments (Fig. 2c) . Leaf water potential was more strongly negative in plants collected from the VI population (WUE; Fig. 4e ). Variation among populations in WUE was highest in the freshwater treatments, and although WUE decreased for all plants with increasing salinity level, a salinity effect was not detected at this level of replication (Fig. 2d) . Salinity treatment had a significant effect on light-adapted quantum efficiency of PSII (F 2,36 = 14.20, p = 0.0001; Fig. 2f ). The quantum efficiency was 20 % higher for plants in the 15 ppt salinity treatment compared to the 35 ppt salinity treatment. Salinity treatment was a strong driver of leaf N and associated pigments (Online Resource 1), although the direction of the effect was not consistent for the four traits in this response group. Leaf N was 20 % lower in the freshwater treatment than the 35 ppt salinity treatment (F 2,36 = 5.84, p = 0.0001; Fig. 3a) . Chlorophyll a (F 2,36 = 7.13, p = 0.0025; Fig. 3b ) and b (F 2,36 = 13.34, p = 0.0001; Fig. 3c ), and carotenoids (F 2,36 = 6.94, p = 0.0028; Fig. 3d ) all decreased significantly with increasing salinity. Population site was a significant factor in determining chlorophyll pigment concentration (Chl a: F 3,36 = 3.75, p = 0.0192; Chl b: F 3,36 = 4.03, p = 0.0143; Fig. 3b, c) . The interaction between population and salinity was not significant, Phenotypic plasticity and population differentiation 2181 although plants from VI, MR, and SF generally followed a trend of decreasing chlorophyll pigments with increasing salinity. Population was a marginally significant factor for the amount of carotenoids (F 3,36 = 2.83, p = 0.0521), following the same pattern as described for the amount of chlorophyll (Fig. 3d) . Salinity was also a major determinant of leaf sodium (Na) and related osmotic solutes (Online Resource 1). The significant effect of salinity was consistent, and followed increasing levels of salinity treatment (Fig. 4) for sodium exudation rate (F 2,36 = 151.55, p = 0.0001; Fig. 4a ), leaf Na (F 2,36 = 461.26, p = 0.001; Fig. 4b ), proline (F 2,36 = 173.33, p = 0.0001; Fig. 4c ), and glycinebetaine (F 2,36 = 137.07, p = 0.0001; Fig. 4d ) concentrations. Post-hoc tests showed that sodium exudation was not statistically different between the 15 and 35 ppt salinity treatments.
Trait plasticity
When averaged across all traits, plasticity indices did not differ among populations (Online Resource 1; Fig. 5a ). However, most individual plant traits and each plant trait group exhibited some degree of plasticity in response to salinity or source population, varying from weak to strong expression (Fig. 5b) . In general, leaf chemistry traits were most plastic, instantaneous physiological traits and leaf N and pigments were moderately plastic, and growth and allocation traits were least plastic. Plasticity of leaf traits associated with morphology and growth were highly variable among traits, with adaxial leaf rolling being highly plastic and SLA and leaf elongation rates being relatively non-plastic. Comparing within trait groups, degree of plasticity was consistent (Fig. 5b) . The two exceptions to this pattern are found in leaf morphological traits and instantaneous physiological traits. Among leaf morphological traits, adaxial leaf rolling stood out as a particularly plastic trait. Among the instantaneous physiological traits, fluorescence measures of PSII efficiency were much less plastic than the three other measures.
Discussion
Our experiment and results of companion studies (Castillo et al. 2014 suggest that individual foliar traits and tussock architecture of invasive S. densiflora are phenotypically plastic in response to a significant salinity gradient from freshwater to marine concentrations, though growth will be optimal in the brackish range along the invaded Pacific coast of North America. For some of these traits, plasticity was related to population identity. Acclimation to higher salt concentrations occurs through a suite of interacting morphological, physiological and leaf chemistry responses to maintain growth and fitness. Phenotypic plasticity can be an important mechanism that increases invasiveness of species and contributes to the success of biological invasions across habitat conditions by enhancing niche breadth and fitness advantages of invasive plant species (Richards et al. 2006) . Averaged across all traits, populations in our study did not differ in their plasticity responses to the experimentally imposed salinity gradients. However, at the level of individual traits there was evidence for phenotypic plasticity in response to both salinity and population. In general, traits related to growth, allocation, and morphology tended to show low trait plasticity whereas leaf traits associated with instantaneous physiological functions, pigments, and chemistry showed higher plasticity in response to salinity. Some degree of differentiation in absolute trait responses was observed among populations largely due to greater growth of VI plants relative to all other populations. Despite this large difference in growth in one population, biomass allocation patterns between roots and shoots were similar across all populations, with increased root allocation in response to salinity.
Plastic patterns of biomass allocation may ensure more successful foraging for resources with changing environmental conditions and can thereby contribute to the invasion success of plant species (Ruprecht et al. 2014) . Evidence from a glasshouse experiment (Kittelson and Boyd 1997), and from field observations in the native range (Di Bella et al. 2014 ) suggest S. densiflora populations can maintain lateral expansion through belowground growth under a wide range of salinity levels. Our experimental results revealed greater allocation to belowground biomass in response to higher salinity (Fig. 1b, c) . This favorable allocation response may facilitate rhizomatous expansion towards new resource patches to support and sustain clonal growth under stressful, spatially-heterogeneous environmental conditions. The ability of S. densiflora to adjust, maintain and increase leaf N with rising salinity may reflect effective or high nutrient uptake that can support invasiveness in salt marshes, which are recognized typically as nitrogen-limited systems (Valiela and Teal 1974; Adams 1993) . We did not observe suppressed/reduced leaf N concentration with increasing salinity (Fig. 3a) , although competition between toxic Na ? and Cl -ions and nutrient NH 4 ? and NO 3 -ions would be expected at the root surface due to similarity in size and charge (Marschner 2012) .
Continued uptake supports synthesis of low molecular weight compatible solutes, such as the increase in concentrations of glycinebetaine and proline we measured with elevated salinity, and which help maintain favorable cellular water relations under increasingly saline conditions. In addition to serving as a compatible osmolyte, the accumulation of proline with salinity stress can protect plant cells from damage and degrade to supply energy to drive readjustments of plant growth in response to abiotic stress; additionally, proline homeostasis supports cell division for maintenance of sustainable growth under long-term stress (Kavi Kishor and Sreenivasulu 2014) . Recognizing differences in the biology, ecology and evolution among individuals and populations of the same species is necessary to better understand the context of invasion and species expansion (Fortune et al. 2008 ). Population differences noted in our results suggest some degree of local adaptation may have occurred, though further research is needed to determine if a fitness advantage is achieved. For example, leaf area, shoot, root and total biomass of plants from our highest latitude population site ( Fig. 1; VI , 49°33 00 N) exceeded that of all other populations at all salinity levels, suggesting it may be more invasive than the other sampled populations. In northern latitudes, a shortened growing season with long photoperiods selects for rapid spring growth, supported by large belowground storage reserves (Olsson and Ǻ gren 2002; D'Hertefeldt et al. 2014) . In clonal plants, physiological integration improves resource sharing among ramets and generally increases with environmental stress; these traits may enhance the success of invasive plant species (Song et al. 2013 ). In S. densiflora, physiological integration and the storage capacity of its roots and rhizomes may explain the high biomass production we observed by our VI population under field conditions (D'Hertefeldt et al. 2014) . Likewise, we also observed these biomass differences under controlled photoperiods in the glasshouse, suggesting there may be genetic differentiation in physiological integration and biomass production in the northern invasive range of S. densiflora that merits further investigation. Predicted salinity increases expected with sea level rise could intensify the selective pressure on these populations across their invaded range, amplifying potential population-level differentiation. Increased selection pressure on salinity response traits along with other interacting environmental conditions has important management implications (e.g. modeling future range expansions, spatial prioritization of management actions), emphasizing the importance of recognizing potential genetic differences among populations.
Polyploidy and higher chromosome numbers in vascular plants can contribute to increased invasiveness through increases in phenotypic variation and stress tolerance, which can create a positive feedback loop supporting further evolution of invasiveness (Ainouche and Jenczewski 2010; te Beest et al. 2012; Pandit et al. 2014) . Polyploidy has been a driving force behind speciation in the genus Spartina (Ainouche et al. 2004) , and alloheptaploid S. densiflora in our study populations has a polyphyletic origin composed of divergent genomes that have undergone reticulate evolution (Fortune et al. 2008) . Therefore, the high degree of plasticity in response to salinity that we observed for some traits is not unexpected. S. densiflora has higher chromosome numbers and ploidy level than native and other invasive, non-native Spartina species with the exception of invasive dodecaploid Spartina anglica (2n = 120-124), which has invaded several continents and rapidly spread among salt marshes in western Europe (Thompson 1991; Ainouche et al. 2009 ) and a few locations in California and Washington. Phenotypic plasticity in S. anglica is believed to explain its spread and persistence in varying environments (Thompson 1991) . In general, the predicted spread of Spartina species with high ploidy levels and their capacity for phenotypic variation are of great concern in the context of climate change (Loebl et al. 2006 ). Our observations of S. densiflora would support these predictions. As observed in other halophytes, S. densiflora uses a combination morphological and biochemical mechanisms to counter salt stress and maintain osmotic potential as salinity increases in the root environment (Duarte et al. 2014) .
Climate change predictions include increases in extreme precipitation events that could provide short term decreases in salinity within invaded wetlands. In this case, our results suggest S. densiflora should also acclimate to these changing conditions given the flexibility of its foliar traits. However, across multiple traits, plant responses were most robust under brackish conditions, and optimal growth occurred under brackish salinity. Similarly, Castillo et al. (2005) reported that S. densiflora showed suboptimal functioning of the photosynthetic apparatus in fresh water in the short-term. Despite these observations, S. densiflora is not an obligate halophyte (as defined by Barbour 1970) , since it can complete its life cycle in fresh water conditions. Additionally, salinity responses may depend on life stage. For example, seed germination and seedling growth and survivorship are optimal in fresh to low salinity water and limited at higher salinities (Kittelson and Boyd 1997) . Thus, sexual recruitment may be a less viable reproductive mode as salinity increases with sea level rise.
As sea level rises, increased inundation and salinity is expected to promote conversion of brackish marshes to salt marshes, and intrusion of brackish waters into upstream areas of drowned river estuaries that are currently fresh (Parker et al. 2011 ). This conversion of coastal wetlands should favor S. densiflora, although glycophytes can competitively exclude S. densiflora seedling establishment under low salinity (Abbas et al. 2015) . Established S. densiflora may be highly competitive under higher salinity due its plasticity and stress tolerance and will likely shift position and spread upstream as salinity rises in drowned river estuaries, although we expect plant performance will vary depending on the interaction of salinity with inundation levels and other changing environmental factors. Understanding potential niche breadth via plasticity or adaptation may help improve assessments of invasion risk and management strategies in this time of rapid climate change.
